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The purpose of these investigations is to determine the reciprocal

effect of two regenerating regions in Tubularia. In order properly to

design the experiment it is necessary first to work out the rates of

regeneration of different parts of the stem and to determine the effect

of size of stem on rate of regeneration. Following this two regions of

known rates are allowed to compete with one another and the effect on

rate of regeneration is measured. Since it is found that the region

exhibiting the lower rate is most affected, further experiments are de-

signed to measure this effect. This inhibitory effect exercised by the

higher rate over the lower rate has been termed physiological dominance

by Child (1929) and the term "dominance" is used in this paper to

describe inhibition.

When the stem of Tubularia is sectioned the hydranth differentiates

in situ from the tissue of the cut end and after 30-40 hours at 18 C.

the length of the primordium can be measured by means of an ocular

micrometer. At this time a constriction appears at the base of the

developing hydranth separating it from the rest of the stem. The

perisarc being rigid, the diameter of the hydranth can be measured

and the volume calculated. The time for regeneration is measured at

two stages of development. t\ is the time in hours from the time at

which the stem is cut to the time at which the constriction appears
between the primordium and the rest of the stem. /2 is the time for

complete regeneration when the hydranth is pushed out of the opening
of the perisarc. In some experiments where short pieces of stem are

used it is necessary to use t\ as a measure of time since the hydranth,

although completely differentiated, does not emerge from the end.

In most cases, however, / 2 is used for the calculation of rate of

regeneration.

Rate of regeneration can then be defined as the volume of the

hydranth in cubic micra divided by the time in hours. R : Trr
2
L/t.
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Naturally when t\ is used the rate is somewhat higher than when / 2 is

the measure of time. The values obtained are in regeneration units

which are termed R. V . in this paper.

It is convenient to assign symbols to the ends and this has been

done in Fig. 1 which shows the method of naming the hydranths.

DI, D-t, Ds, etc. are used to designate the distal or oral hydranth of

each piece of the stem and are numbered consecutively from distal to

Ill
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proximal levels. D\ is always the most distal hydranth of the stem.

PI, Pi, Ps , etc. are used for the proximal or aboral hydranths in the

same order. A glance at Fig. 1, A, B, C, will make this clear.

The stems are kept in a rectangular dish which is cooled by a glass

coil through which running sea water is circulated. The stems rest

on a strip of cheesecloth wy hich is stretched over a glass frame and are

covered by one centimeter of sea water. Loose-fitting glass covers

are placed over the top of the dish. A glass rod, which is drawn out

and bent in the form of a hook, is used for picking up and transferring

long stems. For short stems a pipette bent at a 45 angle is

satisfactory.

Since the stems of Tubularia are very variable in the rate at which

they regenerate, controls were prepared for every experiment, and

experiments involving the use of different stems are never compared.
That is to say, one may not compare the rates of 15-mm. stems from

different experiments for they may be vastly different, as measurements

show (Table II, Experiments 5, 6 and 7).

The general procedure was to select from several colonies those

colonies with straight stems and no side branches. The stems were

cut off at the base and placed in a large dish of sea water and further

selected for similarity in length, diameter and appearance. Some
stems were translucent, while others were opaque, and these two

differed in rate of regeneration. After this selection, the hydranths
were cut off, and the stems of the same length were selected at random

for experimentals and controls. In long stems, the additional precau-

tion of cutting off 3 mm. of the stem along with the hydranth was ob-

served, as the region adjacent to the hydranth often regenerates at a

low rate, due possibly to the use of this region in the formation of the

very large gonophores.

The Inherent Rates of Regeneration at Various Regions of the Stem

The object of these experiments is to isolate various levels of the

stem so that the inherent rate of regeneration can be determined.

Isolation of a region from the rest of the stem can be obtained by
means of a thread ligature which is tied about the stem shutting off

circulation and cutting through the tissue. This technique was used

by Morgan (1902) and lately by Peebles (1931). The perisarc, which

is tough, does not crack but the coenosarc is completely severed so

that there are no cellular connections across the ligature. If this liga-

ture be applied about 2-3 mm. from the end of the stem a small piece

of tissue 2-3 mm. in length is isolated and will form a hydranth.

this means the rate of regeneration of a small piece of tissue at any level
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of the stem can be measured without being influenced by the stem as a

whole. The situation is analogous to self-differentiation of an explant
from an embryo. It might be thought that the same result could be

brought about more simply by cutting off a piece 2-3 mm. in length.

However, in this case one meets with the difficulty that two centers of

regeneration arise at the two cut ends and bipolar forms may arise. It

is impossible to get any measure of the rate at which these forms

develop.

TABLE I

Inherent rates of regeneration of distal and proximal hydranths at various levels

of the stem of Tubularia. Stems 30 mm. long, cut into 6 pieces and each piece

ligatured in middle. L = length in n, d = diameter of stem in /*, /i
= time in

hours from cutting to the constriction of the regenerating hydranth.
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of regeneration R2 of the distal hydranths D\ - - D6 thus falls off sharply
from ZV ; : 71.6 R. U. at the distal end to ZV = 8.7 R. IT. at 5 mm.
The lowest rate at mm. is P6

{ = 4.2 R. U. Thus the most distal

level of the stem regenerates at almost 18 times the rate of the most
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FIG. 2. Rates of regeneration at different levels of the stem of Tubularia.

RI =
;
R2

= 7rr 2
L//i = n 3 - 10 5

/hours. Stems 30 mm. in length cut into 6 pieces and
t\

ligatured in middle. Each point is the average of 10 stems, r -= radius of cross-

section of stem; L = length of primordium; /i
= time in hours between cutting and

the formation of the primordium. The lowest rate is rate of P6 - Zero mm. is at

the proximal end of the stem, 30 mm. at the distal end.

proximal level. This difference in rate must be due to causes inherent

in the tissue at these levels since external influences have been removed.
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The rate of regeneration RI has also been calculated using length as

a measure of the size of the primordium in place of volume. These

calculations are included here to show (hat the difference in rate of the

regenerating hydranths at various levels of the stern is not due merely
to a difference in the diameter of the stem but also to a difference in
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FIG. 3. The effect of volume of stem upon rate of regeneration of hydrant h of

Tubnlaria. D = distal hydranth; P == proximal. Rate = n 3
/hrs. 10 5

. Volume
= M3 - 10 7

. Time in this experiment is 1 2 .

the length of the primordium. What RI really represents is the rate

of regeneration 7? 2 divided by the cross-sectional area of the stem and

therefore it corrects for the variation in diameter caused by the growth
form of the stem. For obviously it I he stem is always wider at the

distal end as compared with the proximal end, the apparent rate of
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regeneration using volume of stem as a measure of size would always
be greater at the distal end even if the time for regeneration and the

length of the primordium were the same as those of the proximal end.

Such a difference in rate seems to me to be entirely due to morphological
reasons and would not represent at all the inherent regenerative activity
of the tissues themselves.

From the results (Table I, Fig. 2), however, it is clear that the

difference in rate at various levels is a real one and that both the time
for regeneration and the length of the regenerate vary in different

regions of the stem. When RI is used as a measure of rate, the differ-

ence in distal and proximal levels of the stem is not so great as R2

TABLE II

Relative rates of regeneration in Tubularia. Both hydranths are allowed to

regenerate. Dr = relative rate of distal hydranth, Pr = relative rate of proximal
hydranth. Rate = M3

/hours- 10 5
.

Experiment
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The Effect of Length of Stem on Rate of Regeneration of the Ends

Figure 3 shows the effect of varying the volume of the stem but

keeping the level of the cut constant; i.e. using the same region of the

stem but with more stem attached to it. This is accomplished by a

series of ligatures as in Fig. 1, F, G, II. Inspection of Fig. 3 tells us

that the rate of regeneration at a particular level is increased by in-

creasing the volume of the stem but that the increase is small. For

example, increasing the volume from 20.8 to 155 units produces a

change in rate from 22 to 26 regenerative units for the proximal

hydranths. Further increase of volume to 312 units increases the

rate to 34 regenerative units. The distal hydranth behaves similarly.

TABLE III

Comparison of relative and absolute rates of regeneration. Dr = relative rate

pa _ PT
in M3

/hr- 10 5
;
Da = absolute rate. Same for proximal. Dominance = - - -100.

Ex-
peri-
ment
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are allowed to regenerate without a ligature. (See Fig. 1
; A, B, C, D.)

The superscript
' V is used. In this case two hydranths are regenerat-

ing and are doing so in relation to one another, since they are connected

by the stem. Here competition and resultant dominance come in,

especially with short stems.

Relative Rates of Whole Stems. In Table II the relative rates of

whole stems of different lengths have been recorded. The stems are

prepared as in Fig. I, A. The dominance of the distal regenerating
end becomes greater as the stem is cut shorter, so that at 5-10 mm.
proximal hydranths often do not appear. As the length of the stem is

increased, t-he rate of regeneration of the proximal hydranth increases.

Other factors, such as thickness and volume of stem, play a part.

Relative Rates of Regeneration in Distal and Proximal Halves. When
the stem of Tubularia is cut into halves, four hydranths may develop,
which we designate as D\, D2 , PI and P2 ,

as in Fig. 1, B. The rates for

such stems of various lengths are given in Table III. To show the

steepness of the gradient and also the phenomenon of dominance, the

relative rates are plotted in Fig. 4. In long stems (26 mm.), there is

very little difference in the relative rate of regeneration of the distal

hydranth of the proximal half, D2 ,
and the proximal hydranth of the

distal half, PI. This is to be expected if there is no dominance, since

these are adjacent levels of the stem (Fig. 1, B). The rapidly develop-

ing distal hydranth, D\, in the distal half does not inhibit the proximal

hydranth, PI, any more than the slowly developing proximal hydranth,

PZ, in the proximal half inhibits the distal hydranth, D2 . There is

thus no apparent dominance exerted in the ordinary sense, i.e. as an

inhibition exercised by a more rapidly regenerating region.

However, in shorter stems dominance appears, and the relative

rates of regeneration of the distal hydranth of the proximal half, Dz ,

and the proximal hydranth of the distal half, PI, are then quite different.

In Fig. 4 the rate of D2
---- 23 .4 R. U., PI - 0. In the distal half the

distal hydranth D\ is completely dominant over the proximal PI. In

the proximal half of the stem the distal hydranth, Z> 2 ,
is only partially

dominant over the proximal hydranth, P2 . The rate of P2
= 4.0 R. U.

Finally, in Fig. 4, we have plotted the rates of regeneration of the

six possible hydranths, Dlt Z> 2 ,
D3 and PI, P2 ,

P3 of Fig. 1, C for 10-mm.

lengths of stems originally 30 mm. long. The graded differences in

rate of regeneration in different regions of the stem are shown by the

rates of the distal hydranths and also by the proximal hydranths in

Table III, Experiments D, E, F. It will be noted, however, that at

any level at which stem is cut the distal hydranth of that level re-

generates much more rapidly than a proximal hydranth at the same
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level. This means that the distal regenerating hydranths in each third

of the stem are inhibiting the proximals in that same third. The

situation can be summarized by saying that D{ > Ds > D3
r and

/Y P, r /Y, but that Ds Pi r and D3
r > Ps, showing that

both D\ and D are dominant. JY is 0, showing the dominance of D3 .

90-1

80-

10 15

LENGTHMM.

20 25 30

Fu;. 4. Relative rates of regeneration of cut steins. Squares = stems 26 nun.

long cut into halves; triangles = stems 15 mm. long cut into halves; circles = stems
30 mm. long cut into thirds. Df, D-f, P\ r

, etc. = relative rates of respective li\-

clranths. Rate = M3
/hrs-10

5
. The dotted line serves to connect adjacent regions

of a cut stem.
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The plot of rates in three sets of stems in Fig. 4 shows quite clearly

that in each case the gradient is steeper in the upper (distal) levels of

the stem. The slopes of the gradient in the upper levels of the three

sets of stems are approximately parallel, which seems to indicate that

the drop in rate per unit length of stem is about the same in different

stems. It should be pointed out that the gradient here will be steeper

than the gradient in inherent rates (Fig. 1), since dominance lowers the

rate of proximal hydranths.

The Reciprocal Influence of Two Regenerating Regions

In stems of Tubularia from 10 to 30 mm. in length, a hydranth

usually regenerates at both ends, and it is the purpose of the following

experiments to show how the rate of regeneration changes when either

the distal or proximal hydranth is prevented from regenerating by
means of a ligature allowing the hydranth at the opposite end to re-

generate free from dominance. These rates have been termed absolute

rates, Da
,

to distinguish them from relative rates, Dr
. When only

one end of a stem is allowed to regenerate, the rate is termed "absolute

rate" in contrast to relative rate. This absolute rate of one end can

be determined by simply tying off the opposite end of a stem, which

prevents regeneration at this end. This rate tends to be the maximal

rate of regeneration of a given region since the region has the entire

length of the stem affecting its rate and is also independent of a second

regenerating region (Fig. 1, //, D-). It will also be seen that the abso-

lute rate is simply the inherent rate plus the increase due to the addition

of the stem.

The Influence of the Distal Regenerating Region on the Proximal End.

-In general (Table III), the shorter the stem the greater the inhibiting

effect of the distal regenerating region, and the following cases are

arranged according to the length of the stem. In each experiment
three lots of stems were used. The first lot regenerated without a

ligature, giving relative rates Dr and Pr
. The second lot regenerated

with the distal end tied off, giving the absolute rate of the proximal end

Pa
,

while in the third group the proximal end was ligatured, giving the

absolute rate of the distal end, Da
.

Without exception (Table III), the absolute rate of any proximal

hydranth is higher than its relative rate. Indeed, in some cases the

relative rate may be 0, while the absolute rate is fairly high, 36.8

units (Experiment A}. This method of treating the proximal end

furnishes a measure of dominance, for if \ve know the absolute rate

and the relative rate we can calculate the percentage reduction due to

the distal end, i.e. the inhibition exercised by a dominant region. In
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Table III, last column, this percentage has been calculated, and

dominance varies from 100 per cent in short pieces to 7 per cent in

longer pieces.

The Influence of the Proximal Regenerating Region on the Distal End.

In contrast to the proximal hydranth, the distal hydranth is affected

little if at all by the ligature at the proximal end. This is true in the

upper levels of the stem. Thus, in Table III, Experiment B, the rela-

tive rate of the distal hydranth, Df 40.5 R. U., while the absolute

rate of the same hydranth, D\ a --- 38.6 R. U. and also, Experiment L,

Di r
105.5, Di a - 108.0. However, in lower levels of the stem, the

absolute rate of the distal hydranth is usually greater than the relative

rate. Experiment F, the relative rate of the distal hydranth of the

TABLE IV

The relation of the inherent rates of regeneration to the relative rates in pieces

M3

of Tubularia of varying length. Rate = 10 s
. D' = inherent rate of distal

hydranth; P1 = inherent rate of proximal hydranth; Dr = relative rate of distal

hydranth; Pr = relative rate of proximal hydranth.
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titioned can be studied in stems of different: lengths which provide
different amounts of the material. The following experiments were

designed to determine how the distal and proximal hydranths would

divide or partition the effect of adding a definite volume of the stem

to the system. For this purpose the inherent rates of regeneration of

the proximal and distal hydranth were found by tying 3-mm. ligatures

at the ends of the stems as in Fig. 1, F and H, D\ l and PI\ In the

same stems the opposite ends Z>i
22 and Pi 22

give the rates of regeneration

with 19 mm. of stem added to each end. Finally, as in Fig. 1, A, the

two ends were allowed to regenerate in competition for the intervening

19 mm. of stem.

It is seen from Table IV that in long stems (20-25 mm. lengths)

the addition of the middle of the stem to the distal and proximal ends

TABLE V
Increase in rate of regeneration of distal and proximal ends when the same

volume of stem is added to each.

Total
Length
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A Comparison of the Effect of the Distal Half and the Proximal Half on

the Inherent Rate of Regeneration of the Ends

It has been shown that the middle regions of the stem contribute

materials for the regeneration of the two ends. The amount which the

stem contributes can be measured by the increase in the rate of

regeneration of the hydranths under the assumption that rate is pro-

portional to amount of substances available. Thus, in Table Y, the

inherent rate of regeneration of the distal end is 54.6 R. U., and when

we add 19 mm. of stem, the rate increases to 66.8 R. U. or an increment

of 12.2 R. U. Similarly, P l increases from 22.0 to 34.0 R. U., or an

increase of 12.0 R. U. The increase is the same for both proximal and

distal ends. (See 20-mm. stems also.) It is clear that the materials

of the stem can be used by either the proximal or distal end.

Now if we ligature the stem in the middle, the effect of the materials

in distal and proximal halves on the regeneration of the ends may be

TABLE VI

Comparison of the effect of distal and proximal halves of a stem on the rate of

regeneration of the ends. Df is the inherent rate of regeneration of the distal end.

Under distal half is the rate of the distal end, with middle ligature. Similarly P { is

the inherent rate of the proximal end. Proximal half = rate of proximal end with

middle ligature.
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duced by the ligature but the volume of the stem is also reduced. The
effect on the proximal hydranth is a dual one. Isolation increases the

rate of regeneration, while reduction in volume decreases the rate, and
the effect is a summation of the positive and negative action. Since,

as we have shown, the reduction of the volume of the stem adjacent to

the proximal hydranth decreases the rate to a small extent only, the

chief effect is to remove the dominant region from the sphere of action,

and the net result is an increase in the rate of the proximal hydranth

(Table VII).

Length is an important factor, as in 25-mm. stems the change in

rate with ligature is slight, while in 15-mm. stems it may be much

greater, depending on the condition of the stems. This is in keeping
with the fact that little dominance is exerted in long stems.

TABLE VII

Rate of regeneration of distal and proximal hydranths of Tubularia with and
without a middle ligature. Dr and Pr = relative rate; Dl and P l -- rate under
conditions of middle ligature.

Experiment
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shut off circulation between parts of the stem of Tubidaria as the cells

will rearrange themselves after compression of the stem so that the

circulation breaks through once more. However, there are indications

which can be seen from Table Mil where the effects of a loose ligature

which was tied so as to just stop circulation is compared with a tight

ligature cutting through the coenosarc and breaking all cellular con-

nections. The control with no ligature shows that we are dealing with

stems in which the distal end is almost completely dominant over the

proximal end: i.e. distal end, 38.7 R. U.; proximal end, 2.9 R. U. A
tight ligature completely isolating the two halves sends the rate of

regeneration of the proximal end up to 23.0 R. U. or an 8-fold increase.

The distal end shows a slight reduction to 34.0 R. U. as it is cut off

from the proximal half of the stem. Now with a loose ligature where

cellular connections are still intact the proximal end shows an increased

rate of 23.0 R. U. over controls in spite of the fact that at the end of

the experiment circulation was reestablished in a few cases through

TABLE VIII

Rate of regeneration of distal and proximal ends of Tubidaria under conditions

of ligature in the middle of the stem. Rate == L/t* where L is length of primordium
in micra and t% is time in hours from cutting of stem to emergence of hydranth.

No. and Length No Ligature Tight Ligature Loose Ligature
of Stems DP DP DP

10 15 mm. 38.7 2.9 34.0 _'.v() 36.4 23.0

the ligature. This sort of experiment, while it appears conclusive, is

not entirely satisfactory as it is difficult to control the tying of a

ligature so as to cut off circulation without breaking cellular connec-

tion between the two halves.

Injection of Oil to Block Circulation. The stem of Tubidaria is

about 0.5 mm. in diameter and it is relatively easy to insert a micro-

pipette for injection. It is necessary merely to crack the rigid perisarc

first with two pairs of sharp watchmaker's forceps after which a pipette

can be inserted while observing under a binocular microscope. A small

drop of paraffin oil (Nujol) is injected and after the pipette is withdrawn

the rigid perisarc snaps back into place. The perisarc must not be re-

moved because then regeneration will take place at the exposed surface.

Controls for this type of experiment were- stems in which the perisarc

was ruptured and the pipette inserted without injection. Some of

the experiments where oil was injected also served as controls since the

drop was sometimes too small to block circulation.
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Table IX records results. There are 25 stems in each sample and
of the 25 controls only 2 proximal hydranths developed, making the

rate 4.65 R. U. and thus showing that the distal end exerted rather

complete dominance. When circulation is blocked, however, the 25

injected stems regenerate 12 proximal hydranths, bringing the average
rate to 22.8 R. U., or a 5-fold increase in rate. The distal hydranth in

the injected group shows a small decrease in rate, as might be expected
from previous results on the use of ligatures. A ligature in a short

stem increases the rate of the inhibited proximal end but decreases the

rate of the dominant distal end by shortening the stem.

Only 12 out of 25 possible hydranths appear at the proximal end of

injected stems and it is interesting to examine the 13 stems which did

not form a hydranth proximally. Of these 13 negative cases 9 showed
that the oil drop had moved from its original position at the middle of

TABLE IX

Injection of an oil drop into the gastrovascular cavity of Tubularia. Stems 6

mm. long. Twenty-five stems used in each sample. R = rate of regeneration
= nT2

L//2 where r = radius of stem in micra; L = length of primordium in micra
and /o = time in hours required for emergence of the newly regenerated hydranth.



172 L. G. EARTH

TABLE X
The effect of blocking circulation in Tubularia with oil drops. Oil injected into

distal region. Controls consist in injury similar to that of injection. Twenty-one
stems, 10-11 mm. in length used for each sample. R = irr 2

L/t.
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of Tubularia shows that the oil isolates the proximal end of the stem
from the distal end, producing about the same effect as a ligature. In

the former case the circulation is blocked while in (he latter both circu-

lation and cellular transmission are blocked. It becomes important
then to see just what the oil drop does in the gastrovascular cavity.

It has already been pointed out that when the drop is small it has little

effect in blocking dominance. Also, when there is little dominance,
little or no effect of injection of oil is found. Therefore it is safe to say
that there are no toxic chemical or physical effects of the oil on the

cells which come in contact with the oil.

Examination of the region into which the oil is injected shows it to

be firmly held in place by the endoderm which it partially displaces.

When it is not so held in place it moves during the course of hours to

the distal end of the stem. Although the endoderm is displaced and

perhaps the cellular connections in this layer are broken, the ectoderm

remains intact and the cells can be seen to be continuous over the sur-

face of the oil drop. As we were not satisfied with this observation, the

conductivity over the bridge of ectoderm was tested by using an elec-

trical stimulus. In some previous unpublished work on electrical

stimulation in Tubularia it was found that upon applying a stimulus

at the proximal end the tentacles of the distal hydranth would respond.

Three stems in which dominance was blocked by injection of oil were

treated in this manner and in each case the tentacles of the distal

hydranth responded to an electrical stimulus applied at the proximal
end. From these observations there can be little doubt that the ecto-

dermal connections over the oil drop are morphologically and physio-

logically intact and that dominance is not transmitted over this layer.

Discussion

Child (1907) pointed out that in Tubularia mesembryanthemum
both the length of the cut stem and the level at which the stem was

cut were factors determining the time for regeneration and size of the

primordium. Driesch (1899) before this had measured the primordium
of halves of stems and found that the oral half (distal half) formed

longer primordia than the aboral (proximal half). Driesch also showed

that the hydranths emerged faster in the oral (distal) half as compared
with the aboral (proximal) half. Thus the regional differences in re-

generative capacity in the stem of Tubularia are by no means new. The

new treatment of the facts by combining two variables, size and time,

into a rate has not been suggested hitherto. By utilizing both variables

it is possible to express the rate of change within the stem at any level

and so compare rates under various conditions. It is hoped that the
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rate as defined in this paper is a measure of the chemical changes in-

volved in the differentiation of the hydranth from the stem after cut-

ting. It is not sufficient to express these changes in terms of time only

since two hydranths of different sizes may regenerate in the same time

and certainly the larger hydranth must have utilized more material

than the smaller. Therefore the rate of chemical change must have

been higher in the region which formed the larger hydranth. Simi-

larly two hydranths of the same size may require different times for

regeneration.

A second difference between these experiments and those of early

in vestigators is the use of a ligature to isolate regions in order to test

their rate of regeneration. Driesch (18W) and Child (1^07) cut stems

into halves and thirds and allowed both ends to regenerate. The size

and time for regeneration of distal (oral) hydranths is modified by the

presence of a second region of regeneration. Both investigators showed

that the size and time factors varied with the length of stem cut. In

my experiments by the use of the ligature the second regenerating

region is eliminated and the size kept constant. Thus the "inherent"

rate is measured. It is proposed that the "inherent
"

rate of regenera-

tion be used as a base so that the effect of variables such as length of

cut stem and the rate of regeneration of a second hydranth can be

studied by means of appropriate ligatures.

Since the stem of Tubularia shows a gradient of "inherent" rates

there must be graded differences in the concentration of some substance

or substances, which account for these different rates. Further, be-

cause the rates are higher in the younger (distal) regions of the stem it

is reasonable to assume that the substances are of the nature of a

synthetic factor which is able to convert available materials into a

hydranth.

We will let this inherent synthetic factor be represented by E
and assume that the concentration of R is proportional to the inherent

rate of regeneration as measured by isolation of parts of the stem. E is

then present in highest concentration in the young cells at the distal

end and in lowest concentration at the proximal end. Then Fig. 2,

giving rates of regeneration, may be taken to indicate the relative con-

centration of E at various regions of the stem since only internal factors

are responsible for these differing rates at various levels <>t the stem.

But E is not the only factor affecting rate. In Fig. 3 it was shown

that increase in length of stem adjacent to the regenerating region will

also increase rate of regeneration. It is evident that something from

the middle of the stem travels to the ends and causes an increase in

rate. Let us call this factor or substance S. S is transported through
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the gastrovascular cavity in the circulation which is easily observed in

Tubular ia. A cross-section of the stem shows four channels in the

endoderm and in the intact stem particles can be seen travelling up
one side of the stem and back down the other so that a fairly rapid
circulation exists. Timing the flowing particles gave a velocity of

6 mm./minute. This means that in a short stem 6 mm. long a com-

plete circulation of the contents of the coelenteron should take place

in 2 minutes. If one end was using up materials in rapid regeneration

it is conceivable that the concentration of substance, S, in the circula-

tion would be lowered considerably so that at the opposite end sub-

stances might pass into the gastrovascular cavity from the cells and so

inhibit regeneration by removal of available materials.

The effect of S on rate of regeneration is difficult to measure but we

may take Fig. 3, which shows increase of rate with increased volume of

stem as a provisional measure of S. Obviously, however, this does not

give us the effect of 5 in very low concentrations. That 5 is a very

important factor is seen by comparing the inherent rate of the proximal
end with the relative rate (Table IV, 14-mm. and 5-mm. stems). In

these cases something is actually removed from the proximal region so

that although the stem is much larger the rate of regeneration is lower

when the distal hydranth is regenerating.

The situation may be summarized as follows. Regeneration is

essentially the transformation of stem into hydranth and this requires

E
I

chemical changes : S +H. Let us assume E to be a catalyst in the cell

which transforms 5 into H, H being the substances necessary for

hydranth differentiation. The reaction is reversible, as Child (1923)

has shown that hydranths may dedifferentiate into stem. I have also

observed a hydranth partially differentiate from ccenosarc and then

return to coenosarc. E, as we have pointed out, is present in the cells

and is in highest concentration at the distal end. 5 is in the cells and

also the gastrovascular cavity and is present in greatest amount in the

longest stems.

In long stems, where 5 is high (Table IV, 25-mm. and 20-mm.

stems) it appears that S is partitioned to the distal and proximal

hydranths according to their inherent rates of regeneration, as repre-

sented by E. One way of expressing it is that, with increase in 5

while Ep (concentration of E at the proximal end) and Ed (concentra-

tion of E at the distal end) remain constant, II v (concentration of //at

proximal end) and Hd (concentration of Hat distal end) increase pro-

portionally. This result is the expected one.
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The difficulty comes when we consider short stems, where Ep

(concentration of E at the proximal end as measured by the proximal

inherent rate) is close to Ed (concentration of E at the distal end as

measured by the distal inherent rate) yet apparently 5 is used by the

distal hydranth and not by the proximal hydranth. All that can be

assumed is that the factor Ed converts 5 into II as fast as it appears in

the coelenteron, so that the concentration of 5" is always below the

minimal value necessary for regeneration at the opposite end. Since

Ed > E,, it can synthesize II at a lower concentration of S. By writing

the reaction as a reversible one, we may even suggest that // S at

the proximal end in the case of short stems. This whole thought de-

pends on the assumption that the difference between Ed and Ep in

short stems, although small, is great enough to lower the concentration

of 5 below a minimal value, Sm for the proximal hydranth. As S in-

creases in amount (in longer stems) the concentration in the coelenteron

rises above the minimal value Sm for the proximal hydranth and re-

generation starts at the proximal end though at a low rate at first.

S thus becomes a limiting factor for regeneration in low concentrations.

It will be seen that the formal explanation given above is readily

applied to other results, such as those from middle ligatures and the

results showing the difference between relative and absolute rates of

regeneration.

From the comparison of the absolute rate of the distal hydranth Da

and the relative rate of the same hydranths Dr in Table III, it is ap-

parent that there is a maximal rate of regeneration for the distal

hydranth, or a maximal concentration of 5 above which synthesis of //

is not increased perceptibly. This is not unlikely.

The above discussion throws the entire effect of dominance on the

transport of available substances (S) for regeneration. In Tnbularia

the transport system is extremely simple, and it seems an ideal system
for experimentation. If in short stems the circulation of 5 is blocked

(as by an oil drop) both the distal and proximal ends should regenerate

independently of each other and no dominance will be exerted by the

distal end. The experiments in this paper indicate that such is tin-

case and thus show that S is a factor which circulates in the fluid of

the gastrovascular cavity.

Summary
\ . The rate of regeneration of Tubularia has been measured by the

formula R Trr-L/t where r - radius of cross-section, 1. -- length ot

regenerate, / = = time in hours for formation of primordium or the time

in hours for emergence of the fully formed hydranth.
2. The rate of regeneration of isolated parts of the stem decreases
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rapidly from the distal to more proximal regions. An increase in the

length of stem adjacent to a regenerating end increases the rate of its

regeneration.

3. When two regenerating regions are competing they partition the

effect of adding the middle region of the stem if the stem is long. If the

Stem is short the distal end becomes dominant and inhibits the prox-

imal end.

4. A method has been devised for measuring dominance by expres-

sing it as the percentage reduction in rate of regeneration due to the

presence of the distal hydranth.
5. The circulation within the stem of Tubularia has been blocked

by means of injection of a drop of oil with the result that the dominance

(inhibition) exercised by the distal regenerating end over the proximal

end is blocked.

6. A generalized mechanism based on a synthetic factor E in the

cells and a circulatory factor S is suggested as a formal explanation of

the phenomenon of dominance.
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